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(54) Method and apparatus providing efficient rasterization 

(57) The rasterisation process is separated Into two 

modes, a test mode and a normal mode, to eliminate FIG, 3 

shading calculations associated with all-hidden trian- 
glos, thereby providing improved efficiency over prior 
rasterization schemes. 
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Description 

BACKGROUND OF THE INVENTION 

5 Technical Fjeld 

The invention relates to a computer Graphics system for processing and displaying graphical data representing 
three-dimensional objects, and, more particularly, to the rasterization of the objects tor display. 

;j Description pf the Prior Art 

Computer graphics systems are frequently used to model a scene having three-dimensional objects and display 
the scene on a two-dimensional aisptey device such as a cathode ray tube or liquid crystal display. Typically, the three- 
dimensional objects ot the scene are each represented by a multitude ol polygons (or primitives) that approximate the 
is shape of the object. Rendering tne scene tor display on the two-dimensional display device is a computationally inten- 
sive process. It is therefore frequently a slow process. e*en with today's microprocessors and graphics processing 
devices. 

Rasterization Is the process wriich converts the simple, geometric description of a graphics primitive into pixels for 
display, A typical primitive, as shown in Fig. 1 A, is a triangle T, . Other area or surface primitives conventionally are con- 

eo verted into one or more triangles prior to rasterisation. Consequently, the conventional rasterization process need only 
to handle triangles. The triangle T, is represented by the (x.y.z) coordinates and other properties (such as colore and 
texture coordinates) at each of its vertices. The (x.y) coordinates of a vertex tell its location in the plane of the display. 
The z coordinate teHs how tar the vertex is from the selected view point of the three-dimensional scene. Rasterisation 
may be divided into three tasks: scan conversion, shading, and visibility determination. 

a« Scan conversion utilizes the (x.y) coordinates of the vertices of each triangle to compute a set of pixels S which 
cover the triangle. 

Shading computes the colors of each pixel In the set S. There are numerous schemes tor computing colors, some 
of which involve computationally intensive techniques such as texture mapping. 

visibility determinate utilizes the z coordinate, also called the depth value, of each pixel to compute the set Of pix- 
a? els S v (a subset of S) which are "visible" for the triangle. The z coordinate ot each pixel may be determined by interpo- 
lation between the z coorefenate specified for each vertex of the triangle. The set ^ will differ from the set S if any ot the 
pixels in set S cover the previously rasterlzed triangles whose z values are closer to the selected view point. Thus, tor 
each triangle in the scene, a pixel is visible" if it is in the set S tf or "hidden" If it is the set S but not in tne set Moreover, 
a triangle is "all visible" if the set S rf is identical to set S, "partially hidden" if the set is not identical to set S and set 
39 Sv is not empty, or "all hidden" if set Ss, is empty. For exampl e, FIG. l B shows two triangles. Tl and T2. wherein triangle 
Ti is partially hidden by triangle T2. 

Moreover, the rasterization process may include lighting calculations that simulate the effects of light sources upon 
the surfaces of me triangles of tne scene. Typically, the position of each triangle is identified by (x.yz) coordinates of a 
set ot three vertices, with each vertex having a reflectance normal vector with tne vertex at its origin. The reflectance 
43 normal vectors of each triangle along with information about the position of the light sources are used to calculate the 
effect of the light sources on the color values determined during tne shading calculations tor each triangle. 

Rasterization is completed by writing the colors ot the set of visible pixels Sy to an image buffer for display, and writ- 
ing the z coordinate of the set of visible pixels to a Z-bufter. 

Rasterization is typically the bottleneck in tne rendering process. Therefore, the efficiency of the rasterisation proc- 
<a ess and. in particular, the shading operation is extremely important. Typically, the shading operation calculates the color 
of each pixel in the est S. whether or not the pixel is in fact visible". Then, during visibility testing, if the pixel is found to 
be visible, the color of the pixel is written to the Image buffer. For triangles which are entirely hidden, the shading calcu- 
lations are wasted at every pixel, wriich decreases the efficiency of the rasterization process. 

Thus, there is a need for a computer graphics eystem that is more computationally officiant and that reduces the 
so number of unnecessary shading calculations during the rendering process. 

SUMMARY OF THE INVENTION 

Tne above-stated problems and related problems of the prior art are solved with the principles of the present inven* 
55 tion. method and apparatus providing efficient rasterization. Rasterization is divided into two modes: a test mode and a 
normal mode. In the test mode, the triangles are decomposed into scan lines each having one or more pixels. Each 
pixel within a first scan line is then tested for visibility. When the first visfcle pixel is found, the flow branches to normal 
mode, otherwise flow continues to the next scan line until all scan lines have been tested for visibility. 
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fn the first embodiment of the present invention. In normal mode, shading calculations and visibility testing are par- 
formed on each pixel of each scan line covering the triangle. If the pixel is visible, the z-buffer and frame buffer are 
updated accordingly. H the pixel is not visible, flow continues to the next pixel. 

In the second embodiment, during the test mode, an ID thai identifies the scan line currently being tested is stored. 
? Like the first embodiment when the first visible pixel is found, operation branches to normal mode. However, in normal 
mode, unlike the first embodiment wherein the shading calculations and visibility tests are performed for each scan line 
of the triangle, the shading calculations and visibility testing are performed only tor the scan line identified oy the stored 
ID and those subsequent thereto. For each pixel within these scan lines, the shading calculations and visibility testing 
are performed to determine whether the pixel is visible. W the pixel is visible, the z-bufter and frame buffer are updated 
io accordingly. If the pixel is not visible, flow continues to the next pixel. 

These rasterization schemes perform shading caieutations for each triangle only if a visible pixel is found, thus elim- 
inating snading calculations performed lor "all-hidden* triangles and increasing the efficiency of the rasterization proc- 
ess. 



,s BRIEF DESCRIPTION OF THE DRAWINGS 



FIG. i A is a pictorial representation of the rasterization of a triangle T1 ; 

FIG. IB is a pictorial representation ot the rasterization at triangles Ti and T2, wherein triangle Ti is partially hidden 
by triangle T2; 



F IG. 2 is functional block diagram of a graphics work station. 



FIG. 3 Is a functional block diagram of a graphics subsystem of the graphics work siation of FIG 2. 

FIG. 4 is pseudocode that illustrates the operation of the rasterization engine of FIG. 3 according to a first embod- 
iment of the present invention; and 

FIG. 5 is pseudocode that Illustrates the operation, of tne rasterization engine ot FIG. 3 according to a second 
embodiment ot the present invention. 

FIG. 6 is pseudocode thai illustrates the operation of the rasterization engine of FIG. 3 according to an alternate 
embodiment of the present invention. 



35 DETAILED DESCRIPTION OF THE PREFERRED EMBOBIMENTS 

The overall architecture of the present invention is depicted in FIG. 2. As shown, a graphics system 100 includes a 
. nost processor 102 which is coupled to a system memory 104 via a system bus 106. The system memory 104 consists 
of random access memory ( RAM) that stores graphics data defining the objects contained in one or more three dimen- 

40 sionat models. The graphics daxa that defines each object consists of coordinates and attributes (e.g. color, reflectance, 
texture) of primitives- The primitives are geometric entities such as a polygon, line Or surface. Typically, the primitives 
are triangles defined by the coordinates and other properties (such as colors, normals, texture) of a set of three vertices. 
In this case, the system memory 104 ^eludes an ordered list of vertices of me triangles that define the surfaces of 
objects That make up a three dimensional scene. In addition, the system memory 104 may store a list ot triangle iden- 

«5 trfiers that correspond to each of the triangles and transformation matrices that specify how the triangles are situated 
and oriented in the scene. Input/Output <l/0) devices 108 interface to the host processor 102 via the system bus 106. 
The I/O devices may include a keyboard, template or touch pad for text entry and/or a pointing device such as a mouse, 
trackball. Spaceball or 1»ght pen for user input 

The graphics system 100 also includes a graphics subsystem 1 10 that interfaces to the system memory 104 via 

so tne system bus 1 06. Generally* the graphics subsystem 1 10 operates to render the graphics data stored in the system 
memory 104 for display on a display screen 112. Although the graphics subsystem is illustrated as part of a graphics 
work station, the scope of the present invention Is not limited thereto. Moreover, the graphics subsystem 1 10 of the 
present Invention as described below may be implemented in hardware such as a gate array or a chip set that includes 
at least one programmable sequencer, memory, at least one integer processing unit and at least one floating point 

55 processing unit. If needed. In addition, the graphics subsystem 1 10 may include a parallel and/or pipelined architecture 
as shown in U.S. Patent No. 4,676.644, commonly assigned to the assignee of the present invention and incorporated 
by reference herein in its entirety. In the alternative, portions ot the graphics subsystem 1 10 may be implemented in 
software together with a processor. The processor may be a conventional general purpose processor, a part of the host 
processor i28. or part of a co-processor integrated with the host processor 128. 
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More specif ically, as shown in FIG. 3. the graphics subsystem no includes a control unit 200 that supervises the 
operation of the graphics subsystem 1 10. The control unit 200 selects the graphics data associated with one or more 
triangles, as stored in the system memory 104. and passes the graphics data on to a rendering pipeline via the system 
bus 106. 

5 The rendering pipeline includes a transformation engine 20B. a clipping engine 210, a rasterization engine 212. Z- 

buffer 214 and a frame buffer 216 Z-bulfer 214 typically contains sufficient memory to store a depth value for each pixel 
of the display 1 12. Conventionally, the depth value Is stored as a 24-bit imeger tor each pixel. Frame buffer 216 typically 
contains sufficient memory to store color data for each pixel of the display 1 12. Conventionally, the color data consists 
of tnree B-biT integers representing red, green and blue (r.g.b) color values for each pixel. In addition, the rendering pipe* 

io line may include a texture memory (not shown) for storing texture maps. 

The transformation engine 208 transforms me graphics data from the intrinsic coordinate system of the model into 
a normalized device coordinate system, in the case where the graphics data consists of coordinates of vertices of the 
triangles inat define the oojects of the three-dimensional scene, me transformation engine 206 outputs the coordinates 
of the vertices in a normalized device coordinate system. A more detailed description of the transformation operation 

a may be found in Foley, van Dam Feinar apd Huahes. Computer Graphics Principles and Practice, pp. 124-127 (2nd 
Ed. 1990). herein incorporated by reference in its entirety. 

The clipping engine 210 clips the transformed triangles against a predefined clipping volume to define the portions 
of the transformed triangles that are potentially visible. The result of this step "is a list of vertices in the normalized device 
coordinate system that describe potentially viable portions of the triangles. A more eetailed operation of the clipping 

so operation may be found in pp fe y, Van Dam Feiner and Hughes . Computer Graphics Principles and Practice, pp. 1 24 - 
127 (2nd Ed. 1990), incorporated by reference above in its entirety. 

The rasterization engine 212 decomposes the potentially visible portion of the triangles output by the clipping 
engine 210 to calculate and store in the frame buffer 2i6 the color of visible pixels which cover each triangle, in doing 
so. tne rasterization engine performs the following operations: scan conversion, visibffity determination and shading. 

ss According to the present invention, for each triangle having a potentially visible portion, the operations of the ras- 
terization engine 212 are divided into two modes: a test mode and a normal mode. In the test mode, the rasterization 
engine 212 decomposes the triangle into scan lines each having zero or more pixels. For each pixel within each scan 
line, the rasterization engine 212 computes the z coordinate (depth value) of the pixel and tests whether the pixel is vis- 
ible by comparing the z coordinate calculated for this pixel to ihe corresponding entry in the z-buffer 21 4. When the first 

35 visible pixel is found, the flow of tne rasterization engine 212 branches to normal mode, otherwise flow continues to the 
next scan line until an scan lines have been tested for visibility. 

In the first embodiment of the present invention, in normal mode, the rasterization engine 212 performs shading 
calculations and visibility testing on each pixel of each scan line covering the triangle. If the pixel is visible, the rasteri- 
zation engine 212updatesthe z-buffer 2i4and frame buffer 216 accordingly. If the pixel is not visible, flow continues to 

35 the next pixel. By this method, the shading calculations are performed for the triangle only if a visible pixel is found, thus 
eliminating shading calculations performed on hidden triangles and increasing the efficiency of the rasterization proc- 
ess. 

In the second embodiment, during the test mode, tne rasterization engine 212 stores an ID that identifies the scan 
line currently being tested. Uke the first embodiment, wnen the first visible pixel is found, operation branches to normal 

o mode. However, in normal mode, unlike the first embodiment wherein the rasterization engine 212 performs shading 
calculations and visibility tests for each scan line of the triangle, the rasterization engine 212 performs shading calcula- 
tions and visibility testing only for the scan line identified by the stored ID and those subsequent thereto. For each pixel 
within these scan lines, the rasterization engine performs shading calculations and visibility testing to determine 
whether the pixel is visible. If the pixel is visible, rasterization engjne2l2 updates the z-buffer 214 and frame buffer 216 

45 accordingly. If the pl*el Is not vjsWe, flow continues to the next pixel. This method also performs shading calculations 
for each triangle only if a visible pixel is found, thus eliminating shading calculations performed on hidden triangles and 
increasing the efficiency of the rasterization process. 

The specific operation of the rasterization engine 212 according to the first embodiment of the present invention is 
shown in FIG. 4. For each triangle T in the scene, the rasterization engine 212 initially enters the test mode and per- 

so forms setup operations required for 6can conversion (such as the computation of the derivatives dx/dy along the two 
edges which emanate from the triangle's top vertex) and setup operations required for visibility testing (such as the 
computations of the derivatives dz/dx and dz/dy across the face of the triangle. Next, an allHidden flag is defined that 
in subsequent calculations will Indicate the visibility of the triangle For example, the allHidden flag having a value of true 
may indicate the triangle T is entirely hidden, and the allHidden flag having a value of false may indicate the triangle T 

ss is partially or fully visible. The allHidden flag is then initialized to indicate that the triangle T is entirely hidden, for exam- 
pie, by setting the value of the allHidden flag value to true. 

The rasterization engine 212 then decomposes the triangle T into one or more scan lines. For a first scan line L 
covering the triangle T, the rasterization engine 21 2 then determines the set of pixels S w on the scan line L covering T 
A more detailed description of the steps performed in decomposing the triangle T into scan lines and associated pixels 
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may be found In Foley. Van Dam F?in«r and Huahes. Compute Graphics Principles and Practice, p. 884 (2nd Ed. 
1090), Incorporated by reference above in its entirety. The rasterization engine 212 then continues the test mode by 
testing tne visibility of each pixel within the set S u . As is conventional, visibility testing is performed by comparing the 
depth value of the pixel of set Su with the depth value storea in the Z-buffer 214. It a visible pixel is found on the scan 

* line I, the rasterization engine 212 ends the test mode by setting the allHidden flag to false and tnen branches to normal 
mode. However, if a visible pixel is not 1ound on the scan line L. operation continues to the next scan line tor scan con- 
version and visibility testing, if all scan lines ol the triangle T have been scan converted anfl visibility tested in the xest 
mode and yet no visible pixel has been founa (i.e. tne aJlHidden flag is still true), the normal operation mode of the tri- 
angle is bypassed and The operation of the rasterization engine 212 continues to the next triangle until all triangles in 

f0 thB three-dimensional scene have been processed by the rasterization engine 212. 

as shown in FIG. 4, in normal mode, the rasterization engine 212 begins by performing setup operations required 
tor shading calculations, such as the computation ot partial derivatives 0r/t«, tfrtfy. flg/«. 0g/0y. €b/dx. tTD/fly based upon 
the gjven <r,g r b) color values and (x.y) coordinates at the triangle's vertices. Similar setup operations may be required 
for texture coordinates. For each scan line L, the rasterization engine 2t2 determines the set of pixels S L covering T. 

fs After determining the set of pixels 3 L on the scan line L, the rasterization engine 212 continues the normal mode by 
performing visibility testing and shading tor each pixel in the set H during visibility testing the rasterization engine 
212 determines the triangle T is visible at a particular pixel within the set S^. the depth value stored in the 2-buffer 212 
at an address corresponding to the particular pixel is updated with the depth value of tne triangle T at the particular 
pixel, and the r.g.b values of the triangle at the particular pixel calculated during shading are written to an address of 

so the frame buffer 21 6 that corresponds to the particular pixel. 

However, il during visibility testing, the rasterization engine 212 determines triangle T is not visible at a particular 
pixel within the set S^, flow continues to the next pixel for visibility tasting and shading until all pixels in the set S L have 
been processed. Upon looping through all pixels in the set S u . the rasterization engine 212 continues the operations 
described above tor the next scan line. If an scan lines of the triangle T have been processed in the normal mode, the 

es operation of the rasterization engine 212 continues to tne next triangle until all triangles in the three-dimensional scene 
have been processed by the rasterization engine 212. 

The shading calculations referred to above may be one of many known to those skilled in the art. for example flat 
shading or Phong shading. Another common shading technique Is known as Gouraud shading, in which the red. green, 
and blue components (R.G.B) of color at each pixel within the triangle T is computed by simple, linear interpolation of 

30 the colors at the vertices that define the triangle T. In Gouraud shading, it may be shown that: 

A,x + B,y + C, 
G = A 0 x+ B g y+ C g 

0 = A^Xf Bj + C b 

where (x.y) are the integer, raster coordinates ol the pixel and (A^Cpetc.) are constants which depend upon the tri- 
angle's vertex coordinates and vertex colors. 
*o However, computing the color at each pixel according to the equations above Is computationally inefficient, instead, 
it Is preferable to use the differential form of the equations as follows: 

4$ AG » A^x + B g *y 

aB ■ Ap&x + a 0 Ay 

where (Ax .Ay) are integer raster displacements from the previous pixel to the current pixel. 
so In this case, the color values at the current pixel, which is displaced (Ax.Ay) from the previous pixel are computed 
by the following equations: 
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This differentia! form is useful because the rasterization proceeds from one pixel to the next across scan lines, in which 
case (ax, Ay) = (1,0) Such that the differential form of the equations presented above reduces to: 



3 







G current 


" ^prevou* ■*" 







i j Th us, two multiplication operations and two addition operations in each of the lull form equations presented above 

may be reduced to a single addition operation. This efficiency is extremely important, because these computation oper- 
ations form the heart ot the "inner loop" of rasterization, which is typically performed millions of times in rendering a 
complex scene. 

As described above, the rasterization engine 212 of the first embodiment performs the computationally intensive 

ii shading calculations on a triangle only if a visible pixel is found, thus eliminating shading calculations performed on an- 
hidden triangles. In tnis manner, the "inner loop- of the rasterization process is maae even more efficient. Moreover, for 
all-visible wangles, performance is only slightly degraded because the rasterization engine 212 performs the test mode 
only once to determine that the first pUei is visible and then immediately branches to normal mode, wherein the first 
pixel's visibility is tested again. However, this slight redundancy for all-visible triangles is greatly outweighed by the 

» wholesale avoidance of shading calculations for all-hidden triangles. 

For partially hidden triangles, the performance of the rasterization engine 212 may be significantly degraded, 
because, in the test mode, many pixels may be tested before a visible one is found, and the same pixels redundantly 
traversed again in normal mooe. However this problem is actually minor, since, in typical scenes, partially hidden trian- 
gles are comparatively rare Moreover, this problem may be minimized by the second embodiment of the present inven- 
ts iton. 

A second embodiment of the present invention is shown in FIG. 5. Although slightly more complicated than the first 
embodiment, the second embodiment makes an even greater improvement to the efficiency of the rasterization proc- 
ess. As shown, for each triangle T in the scene, the rasterisation engine 2i2 initially enters the test mode and performs 
setup operations required for scan conversion and visibility testing. Next, an allHidden flag is set to true. Like the first 
embodiment, the value of the allHidden flag indicates the visibility of the triangle. For example, if the allHidden flag has 
a value of true, the triangle T is entirely hidden; and it the allHidden flag has a value of false, the triangle T is partially 
or fully visioie. The rasterization engine 2i2 then decomposes the triangle T into one or more scan lines, and for a first 
scan line L determines the set of pixels S L covering T. A more detailed description of the steps performed in decompos- 
ing the triangle into scan lines and associated pixels may be found in Foley. Van Dftm Ffliner and Hughes, Computer 

35 Graphics Principles and Practice, p. 834 (2nd Ed. 1990). incorporated by reference above in its entirety. 

After determining the set of pixels on the scan line L which cover T. the rasterization engine 212 continues the 
test mode by testing the visibility of each pixel within the set S L . As is conventional, visibility testing is performed by com- 
paring the depm value of the pixel of set Sl with the depth value stored in the Z-butter 214. If a visioie pixel is found on 
the scan line L the rasterization engine 212 ends the test mode by setting tne allHidden flag to taise and storing an ID 

«j that identifies tne scan line and then branches to normal mode. However, it a visible pixel is not found on the scan line 
L, operation continues to trie next scan line tor scan conversion and visibility testing. It an scan lines of the triangle T 
have been scan converted and visibility tested in the test mode, the operation of the rasterization engine 212 continues 
to me next triangle until all triangles in the three-dimensional scene have been processed by tne rasterization engine 
212 

cs As shown in FlQ. 5. in normal mooe. the rasterization engine 2t2 of the second embodiment begins By performing 
setup operations required for shading calculations. Then, beginning at the scan line corresponding to the ID stored in 
the test mode, the rasterization engine 212 determines the set of pixels S L which cover T. After determining the set of 
pixels S L on the scan line, the rasterization engine 212 continues the norma) mode by performing visibility testing and 
shading for each pixel in the set If during visbility testing the rasterization engine 212 determines the triangle T is 

w visible at a particular pixel within the set S L . the depm value stored in the Z-buffer 21 2 at an address corresponding to 
the particular pixel is updated with the depth value of the triangle T at the particular pixel, and the r.g.b values of the 
triangle at ihe particular pixel calculated during shading are written to an address of me frame buffer 21 6 that corre- 
sponds to the particular pixel. 

However, if during visibility testing, the rasterization engine 212 determines triangle T is not visible at a particular 

55 pixel within me set S L , flow continues to me next pixel for vistoitity testing and shading above until all pixels in the set S L 
have been processed. Upon completion of processing of all pixels in me set S L . the rasterization engine 212 continues 
the operations described above for the next scan line. It all scan lines ot me triangle T have been processed in the nor- 
mal mode, the operation of the rasterization engine 212 continues to the next triangle until all triangles in the three- 
dimensional scene have been processed by the rasterization engine 212. 
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The normal mode of the second embodiment provides improved efficiency as compared to the normal mode of the 
first embodiment oy eliminating the redundant calculation tor scan lines prior to first visible scan line (i.e.. the scan line 
idenuf ied by the ID stored during the testing mode). 

in an alternative embodiment as illustrated in FIG. 6. tne present invention may also be implemented on a per scan 

5 line basis rather than a per triangle basis. More specifically, for each triangle T in the scene, me rasterization engine 
2i 2 initially performs setup operations required for scan conversion, visibility testing and shading calculations. The ras- 
terization engine 212 then enters the test mode and decomposes the triangle T Into one or more scan lines. For a first 
scan line U covering the triangle T. the rasteriaation engine 212 determines the set of pixels Sl on the scan line L which 
cover T. A more detailed description of the steps performed in decomposing the triangle T into scan lines and assooi- 

10 ated pixels may be found in EPJfiM van Da m Feiner and Huohes. Computer Graphics Principles and Practice, p, B84 
(2nd Ed. 1990). incorporated by reference aeove in its entirety. Next, an allHidden flag is set to true. In this case. unliKe 
the first and second embodiments, the value of the allHidden flag Indicates the visibility of the pixels of the scan line. 
For example, if thB allHidden flag has a value of true, all pixels in me set Sj. are hidden: if the aflHiaden flag has a value 
of lalse. one or more pixels of the set Sl are visible. 

is The rasterization engine 212 then continues the test mode by testing the visibility of each pixel within the set Sl. 
As is conventional, visibility testing is performed by comparing the depth value of the pixel of set S L with the depth value 
stored in the Z-buffer 214. If a visible pixel is found on the scan fine L, the rasterization engine 21 2 ends the test mode 
by setting the allHidden flag to false ana then branches to normal mode. However, if after testing the visibility of all pixels 
in the scan line L no vistole pixels have oeen found in the test mode (i.e. the allHidden flag is still true), the normal opor- 
to atton mode of scan line is bypassed and the rasterization engine 212 repeats the operations described above for the 
next scan line until all scan lines of the triangle T have been processed by the rasterization engine 212. 

As shown in FIG. 6, in normal mode, the rasterization engine 21 2 begins by determining, for each scan line L. the 
set of pixels S L which cover T. After determining the set of pixels Sl on the scan Una L. the rasterization engine 212 con- 
tinues the normal mode by performing visibility testing and shading for each pixel in the sat S L . If, during visibility, testing 

is the rasterization engine 212 determines the triangle T is visible at a particular pixel within the set S L . the depth value 
stored in the Z-buffer 2i 2 at an address corresponding to the particular pixel is updated with the aepth value of the tri- 
angle T at the particular pixel, and the r,g.b values of the triangle at the particular pixel calculated during shading are 
written to an address of the frame buffer 216 that corresponds to the particular pixel. 

However, if during visibility testing, the rasterization engine 212 determines the triangle T is not visible at a partic 

30 ular pixel within the set S,.. flow continues to the next pixel for visibility testing and shading until all pixels in the set S u 
have been processed. Upon looping through all pixels in me set S u . the rasterization engine 212 continues the opera- 
tions described above for tne next scan line. 

Upon completion of all scan lines for triangle T in either the test mode or normal mode, the operation of the raster- 
ization engine 212 continues to the next triangle until ail wangles in the three-dimensional scene have been processed 

35 by the rasterization engine 2 12. 

In addition, the graphics subsystem 1 10 of the present invention may perform bghtmg calculations that simulate the 
effects of light sources upon the surfaces of tne triangles of tne scene. Typically, the lighting calculations depend upon 
(a) properties of the viewer, (b) the property of the triangles being rendered, and (c) the properties ot one or more light 
sources. Properties of the viewer may include the position and orientation ot the viewer with respect to the triangles 

40 being rendered. The properties ot the triangles may include tne location and normal vector for each point to be consid- 
ered, and a set of reflection coefficient The properties of the light sources depend upon the type (ambient directional, 
local, spotlight, etc.) a no may include intensity, color, direction, attenuation factors, and cone angle. A more detailed 
description of the steps for carrying out such lighting calculations may be found in Foley , van Pflm , F9ine f and Hughe s. 
Computer Graphics Principles and Practice, pp. 721-814 (2nd Ed. 1990). incorporated by reference above in its entirety. 

45 Typically, these lighting calculations are performed once during tne rendering process for every vertex of each tri- 
angte in the scene. When Gouraud shading is utilized, the fighting calculations may be performed by the transformation 
engine 206 or clipping engine 210. Thus, the operation of tne rasterization engine 212 as described above remains 
unchanged. 

However, the lighting calculations may be calculated tor every pixel. Typically, this is accomplished in conjunction 
£0 with Phong shading. In this case, the lighting calculations are embedded into the shading calculations of FIG. 4 and 5 
and performed by the rasterization 9ngine 212. 

In summary, by separating the rasterization process into two modes, a test mode and a normal mode, the present 
invention provides inproved efficiency over prior rasterization schemes by eliminating the shading calculations associ- 
ated with hidden triangles. 

ss 

Claims 

1 . In a computer graphics system wherein objects are represented by one or more primitives, a method of rasterlzing 
tne primitives for display comprising the following steps applied to each primitive T In succession: 
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firsi, in a test mode of operation, 

testing tor visibility pixels that cover the primitive T. and upon detecting a first visible pixel, branching to a 
normal mod e of operation : 

s 

second, in tne normal mode of operation, if and only if branched to from the test mode of operation, 

performing, shading calculations to compute color of the primitive T at pixels that cover the primitive T, and 
testing each pixel for visibility, and for visible pixels, writing the computed color to a frame buffer for display. 

2. The method of claim 1 . 

wherein, in tne test mode of operation, the step ot testing tor visibility pixels that cover the primitive T includes the 
following steps applied to each pixel tested: 

t s computing a depth valu e of the pi* e| , 

comparing the computed depth value of the pixel with a depth value stored in a z-buffer to determine if the pixel 
is visible; and 

zs it tne pixel is determined to be visible, storing the computed depth value in the z-buffer: and 

wherein, in the normal mooe of operation, me step of testing each pixel far visibility Includes the following steps 
applied to each pixel tested 

25 computing a depth value of me pixel, 

comparing the computed depth value of the pixel with a depth value stored in the z-buffer <214) to determine if 
the pixel is visible, and 

m if the pixel is determined to be visible, storing the computed depth value in the z-butfer (214). 

3. The method of claim t. 

wherein the test mode of operation includes the following steps: 

35 determining a set L of successive scan lines that cower the primitive T: 

for a first scan line withm set L 

determining a set P of pixels within the first scan line that cover the primitive T: 

testing for visibility a first pixel p witnln the set p, 

it the first pixel p is visible, then branching lo the normal mode of operation. 

4 s otherwise testing for visibility the next pixel within set P as described above with respect to the first 

pixel p until ait pixels within set P have been tested for visibility. 

ff all pixels within set P have been tested tor visibility, then continuing the test mode of operation for a 
next scan line within the set L until all scan lines within set L have been processed; and 

wherein the normal mode of operation includes the following steps: 

for the first scan line within set L. 

55 determining the set P of pixels within the first scan line that cover the primitive T; 

for each pixel within set P. performing shading calculations to compute color of the primitive T at the pixel, 
testing me pixef for visibility, and if the pixel is visible, writing the computed color to the trams buffer for dis- 
play; 
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after shading calculations and vistoifty testing have been performed for all pixels within set P, continuing 
normal mode of operation for a next scan line within set L until all scan lines within set I have been proc- 



4. The method of claim 3, 

wherein, in the test mode of operation, me step of testing for visibility the first pixel p within the set P includes the 
following steps: 

computing a depth value of the pixel p, 

comparing the computed depth value of the pixel p with a depth value stored in a z-buffer (214) to determine if 
the pixel p is visible; and 

if the pixel p is determined to be visible, storing the computed depth value in the z-buffer (21 4); and 

wherein, in (he normal mode of operation, die step of testing each pixel within eel P for visibility includes the follow- 
ing steps applied to each pixel tested ; 

computing a depth value of the pixel, 

comparing tne computed depth value of me pixel with a depth value stored in the z-buffer (214) to determine If 
the pixel is visible; and 

H the pixel is determined to be visible, storing the computed depm value in the z-buffer (214). 

5. The method of daim 1 , 

wherem the lest mode of operation Includes the following steps: 

determining a set L of successive scan lines that cover the primitive T; 

tor a first scan line within set U 

deter mining a set P of pixels within the first scan line that cover the primitive T; 

tesong tor visibility a first pixel p within the set P. 

<\ the piel p is visible, then storing an ID that identifies the scan line and branching to the normal mode 
o< operation. 

otherwise computing a depth value of a next pixel within the set P and testing tor visibility the next pixel 
as described above with respect to the first pixel p until all pixels within set P have been tested for vis- 
i&lrty. 

it an pueis within set P have been lested for visibility, then continuing the test mode of operation for a 
next scan line within the set L until all scan lines within set U have been processed; and 

wherein the normal mode of operation includes the following steps: 

for the scan line "identified by the ID stored in the test mode of operation, 

determining the set of pixels within the scan line identified by the ID stored in the test mode of operation 
that cover the primitive T; 

for each pixel within the scan line identified by the ID stored in the test mode of operation, performing shad- 
ing calculations to compute color of the primitive T at the pixel, and testing the pixel for visibility, and if the 
pixel is visfala. writing the computed color to the frame buffer (216) for display, 
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after shading calculations and visibility testing have been performed for all pixels within the scan line iden- 
tified by the ID stored in the test mode of operation, continuing normal mode of operation for a next scan 
line within set L until all scan lines within set L have been processed. 

s 6. The method of claim 5. 

wnerein. in the test mode of operation, the step of testing for vistoility the first pixel p witnin the set P includes me 
following steps: 

computing a depth value of the pixel p, 

comparing the computed depth value of the pixel p with a depth value stored in a 2 -butter {21 4) to determine if 
the pixel p is visible; and 

if the pixel p Is determined to be visible, storing the computed depth value in the z-buffer (214); and 

15 

wherein, in the normal mode of operation, the step of testing each pixel within trie scan tne identified by the ID 
6tored in the test mode of operation includes the following steps applied to each pixei tested: 

computing a depth value of the pixel. 

A? 

comparing the computed depth value of the pixel with a depth value stored in the z-buftar {21 4) to determine it 
the pixel is visible; and 

if the pixel is determined to be vistole. storing the computed depth value in the z-buffer (21 4). 

25 

7. The method of claim 1 . 

further comprising the step ol determining a set L of successive scan lines that cover the primitive T. 
wherein the test mode of operation includes the following steps applied to each scan line within the set L in succes- 
sion: 

30 

determining a set P of pi* els within the scan line thai cover the primitive T; 

testing for visibility a first pixel p within the set P, 

25 if the pixel p is visible then branching to the normal mode of operation. 

otherwise testing tor visibility a next pixel within set P as descrtoed above with respect to the first pixel p 
until all pixels within set P have been tested for visibility; and 

wherein the normal mode of operation includes tne following step: 

49 

for each pixel within set P, performing snaaing calculations to compute color of the primitive T at the pixel, and 
testing the pixel for visibility, and if the pixel is visible, writing the computed color to the frame buffer for display. 

8. The method of claim 7. 

45 wherein, in the test mode of operation, the step of testing for visibility the first pixel p within the set P includes the 
following steps: 

computing a depth value of the pixel p, 

so comparing the computed depth value of the pixel p with a depth value stored in a z-buffer (214) to determine if 

the pixel p is visible; and 

rf the pixel p is determined to be visible, storing the computed depth value in the z-buffer (214); and 

ss wherein, in the normal mode of operation, the step ot testing for visibiiity each pixel within set P includes the follow- 
ing steps applied to each pixel tested: 

computing a depth value of the pixel, 
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comparing trie computed depth value of the pixel with a depth value stored in the z-bufter (214) to determine if 
the pixel is visible; and 

if the pixel is determined to be visible, storing the computed depth value in the z -buffer (2i 4). 

9. A computer graphics system for displaying objects represented by one or mora primitives comprising: 

a rasterizer tor rasterizing in succession each primitive T for display. 

wherein the rasterizer, in a test mode of operation, tests for visibility pixels that cover the primitive T and. upon 
detecting a first visible pixel, branches to a normal mode of operation; 

wherein ihe rasterizer, in normal mode of operation, if and only if branched to from the test mode of operation, 
performs shading calculations to compute color of the primitive T at pixels that cover the primitive T. and. for 
visible pixels, writing the computed color to a frame buffer for display. 

1 0. The computer grapnics system of claim 9, 

wherein, during the test mode of operation, in testing for visibility pixels that cover the primitive T. tor each pixel 
tested, the rasterizer 

computes a depth value of the pixel, 

compares the computed depth value of the pixel witn a depth value stored in a z-buffer (214) to determine if 
the pixel is visible: and 

if the pixel is determined to be viable. Stores the computed depth value in the z-buffer (214); and 
wherein, during the normal mode of operation, in testing each pixel for visibility, for each pixel tested, the rasterizer 
computes a depth value of the pixel. 

compares the computed depth value of the pixel with a depth value stored in the z-bufler (214) to determine if 
the pixel is visible; and 

if the pixel is determined to be visible, stores the computed depth value in the z-ouffer (2t4). 

1 1. The computer grapnics system of claim 9. 
wherein, in the test mode of operation, the rasterizer 

determines a set L of successive scan lines that cover the primitive T: 

for a first scan line within set L, 

determines a set P of pixels within the first scan line that cover the primitive T; 

tests tor visibility a first pixel p within the set P. 

if the first pixel p is visible, then branches to the normal mode of operation, 

otherwise tests for visibility a next pixel within set P as described above with respect to the first 
pixel p until all pixels within set P have been tested tor visibility, 

if all pixels within set P have been tested for visibility, men continues the test mode of operation 
for a next scan line within the set L until all scan lines within set L have been processed; 

wherein, in the normal mode of operation, the rasterizer, 

for the first scan line within set L, 
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determines a set P of pixels within the first scan line that cover the primitive T; 

for each pixel within set P, performs shading calculations to compute color of me primitive T at the pixel, 
tests the pixel for visibility, and if the pixel is visible, writes the computed color to tne frame buffer for dis- 
5 play, and 

after shading calculations and visibility testing have been performed for all pixels within set P, continues 
normal mode of operation for a next scan line within sei L until all scan lines wiihin set Lhave been proc- 
essed. 

id 

1 2. The method ot claim i 1 . 

wherein, during ma test mode ot operation, in testing tor visibility tharirsi pixel p within the set P, the rasterlzer 

computes a depth value of the pixel p, 

15 

compares the computed depth value of the pixel p with a depth valua stored in a ^-buffer (214) to determine it 
the pixel p is visible; and 

if the pixel p is determined to be visible, stores the computed depth value in the z'-butfer (214): and 

wherein, during the normal mode of operation, in testing each pixel within set P for visibility, for each pixel tested, 
the raste riser 

computes a depth value of the pixel, 
fis compares the computed depth value of the pixel with a depth value stored in the z-bufter (21 4) to determine If 

the pixel is visible: and 

if the pixel is determined to be visible, stores the computed depth value in the z-buffer (214). 

33 1 3. The computer graphics system of claim 9. 

vwherem the rastenzet. m the test mode of operation, 

determines a set L of successive scan lines that cover the primitive T; 

as tor a first scan ime within set U 

determmes e set P of P>*ete within the first scan line that cover the primitive T; 

tests for visuxhty a first pixel p wrthin the set P. 

it tne pi*ei p rs visible, then stores an ID mat identifies the scan line and branches to the normal mode 
ot operation. 

otherwise tests lor viability a next pixel within set P until all pixels within set P have been tested for 
45 visibility. 

jl all pixels within set P have been tested tor visibility, then continues the test mode of operation for a 
next scan line within the set L until all scan lines within set U have been procossed; and 

so wherein the rasterizer, in the normal mode of operation, 

for the scan line identified by the ID stored in the test mode of operation. 

determines a set P of pixels within the scan line identified by the ID stored in the test mode of operation. 

ss 

far each pixel within the scan line identified by the ID stored in the test mode of operation, performs shad- 
ing calculations tD compute color of the primitive T at the pixel, tests the pixel for visibility, and if the pixel 
is visible, writes the compute© color to the frame buffer (216) for display, and 
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after shading calculations and visibility testing have been performed for all pixels within the scan line Iden- 
tified by the ID stored in the test mode of operation, continues normal mode of operation tor a next scan 
line within set L until all scan lines within set L have been processed. 

f 14. The computer graphics system of claim 13. 

wherein, during the test mode of operation, in testing for visibility the first pixel p within the set P. the raster«zer 

computes a depth value of the pixel p. 

,o compares the computed depth value of the pixel p with a depth value stored in a z-buffer (214) to determine H 

the pixel p is visible; and 

if the pixel p is determined to be visible, stores the computed depth value in tne z*butfer (2 14); and 

is wherein, during the normal mode of operation, in testing each pixel within the scan line identified by the ID stored 
in the test mode of operation, tor each pixel tested, the rasterizer 

computes a depth value of the pixel. 

so compares the computed depth value of the pixel with a depth value stored In the z-butfer (214) to determine if 

the pixel is visible; and 

if the pixel is determined to be visible, stores the computed depth value In the z-buffer (214). 

ss 1S. The computer graphics system of claim 9, wherein the rasterizer Initially determines a set L of successive scan 
lines that cover the primitive T. and. for each scan line within the set L, enters the test mode of operation, 
wherein, in the test mode of operation, the rasterizer 

determines a set P of pixels within the scan line that cover the primitive T; 

tests for visibility a first pixel p within ihe set P. 

if the pixel p is visible, then branches to the normal mode of operation. 

35 otherwise tests for visibility a next pixel within set P as described above with respect to the first pixel p until 

ad pixels within set P have been tested for visibility; and 

wherein, in the normal mode of operation, tne rasterizer 

<o tor each pixel within set P. performs shading calculations to compute color of the primitive T at the pixel, tests 

the pixel for visibility, and if the pixel is visible, writes the computed color to the frame buffer for display. 

1 6. The computer graphics system of claim 15. 
! wherein, during the test mode of operation, in testing for visibility the first pixel p within the set P. the rasterizer 

computes a depth value of the pixel p, 

compares the computed depth value of the pixel p with a depth value stored in a z-buffer (214) to determine if 
the pixel p is visible; and 

so 

if the pixel p is determined to be visible, stores the computed depth value in the z-buffer <2i 4): and 

wtierein. during the normal mods of operation, in testing tor visibility each pixel within set P. for each pixel tested, 
the rasterizer 

computes a depth value of the pixel, compares the computed depth value of the pixel with a 

depth value stored in the z-buffer (214) to determine if the pixel is visible; and 

rf the pixel is determined to be visible, stores the computed depth value in the z-buffer (214). 
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FIG. 2 
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FIG. 3 
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FIG. 4 



for ( each triangle T in I he scene ) 
( 

Sciup for scan conversion and visibility icaiiiig. 

aUUidden = TRUE; 

for ( each scanlinc L in T ) 

Scan Conversion; determine the set S t of pixels on L which arc covered by T- 

for ( each pixel p in S L ) 

I 

ir ( 7" is viMble at/» ) 
{ 

alllliddcn = FALSE; 

L = U$t scanline in 7* /• Artificial assignment lo force lermination of L loop. •/ 
break; /* Abort Test Mode. ♦/ 

) /♦End if'/ 

J /• End loop on pixels p •/ 

) /• End loop on scanlines L */ 

if i aillliJJen - ^ FALSE ) 
I 

Setup for shading, 

for ( each scardine L in T ) 

Scan Conversion: determine the sci S t of pixels on L which arc covered by T. 

for ( each pixel p in St, \ 

( 

Perform shading calculations.! 

if ( T is visible hi p ) 

( 

Update visibility dala (z) for /?. 
Update color data {r, g, b) for p. 

) 

) I* End Joop On pixels p •/ 
} /• End loop on scanlines L V 
} /* F.nd if ( aUHiddcn - = FALSE ) '/ 

) /• End loop on triangles T *f 
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FIG. 5 

lor ( each triangle 7 in the scene ) 
{ 

Sciup for jean conversion and visibility tcaiing. 

aillhddcn - TRUE; 

for { each scanlinc L in 7 ) 

( 

Scan Conversion determine the set S t of pixels on L which are covered by 7. 

for ( each pixel /» in S L ) 

I 

if C 7 is visible at p ) 

{ 

alllhdJen ■» FALSE: 
! ; L*4iVisibleUne « L: 

L - l-an scanline in 7 /• Artificial assignment to force termination of £ loop. •/ 
break; /• Abort Test Mode. ♦/ 

) /♦ Tin! if - 

} /* Un J loup c:i pixels /» */ 

} : * Un J loop on scanhncs L */ 

if t all Hidden = - f A LSI: ) 
{ 

Setup far shading, initialize to PirstViiiblsLine. 

for ( each scardinc I starling with First Visible Line -- e*clud* previous Uncs ) 

{ 

Stun Conversion determine the sci S L of pixels on L which are covered by 7. 

fo; ( each pixel p in Sl ) 

{ 

iVrrform shading calculations * 

if ( 7 is visible at p ) 

{ 

Update visibility data (?) for p. 
Update color data (r, g, b) for p. 

) 

) J* End loop on pixels p •/ 
) /• End loop on sea/dines L *f 
} /♦ End if (allllidUen FALSE) •/ 

} /♦ End loop on triangles 7 V 
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FIG. 6 



for ( each mangle T in ihc scene ) 
( 

Seiup for scan conversion, visibility testing, and shading, 
for ( each scanlinc L in T ) 

Scan Conversion: determine the set 5 L of pixels on L which arc covered by 7', 
allHidden « TRUE; 
for ( each pixel p in ) 
( 

if ( T is visible at p ) 
{ 

aWlidden = FALSE; 

break; / * Abort Test Mode. •/ 

} /♦ End if ♦/ 

) /• End loop on pixels p */ 

if ( allHidden - « FALSE ) 
( 

for ( each pixel p in S L ) 
i 

Perform shading calculation s.t 

if ( T is visible at p ) 

{ 

Update visibUity data (z) for p. 
Update color data (r, g. b) for p. 

) 

) /♦ End loop on pixels p *l 
) r End if ( aUHiddcn ~ = FALSE ) •/ 
} /• End loop on scanlines L •/ 
) /'End loop on triangles T*/ 
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